Abstract. The physical and mechanical characteristics of first-cut high premium and second-cut
Introduction
The Hessian fly (Mayetiola destructor (Say)) usually infests hollow-stemmed plants such as wheat, barley, and rye. The Hessian fly can be found at the base of old plant crowns, near the nodes or behind the leaf sheaths where the larvae feed on these host plants, reducing forage and grain yields. The potential for disinfesting timothy hay of Hessian fly puparia by doublecompression of field-baled hay have been demonstrated by using new mechanical hay compressors (Shaw et al. 2004 , Shaw et al. 2005 .
Physical and mechanical properties such as wall coefficient of friction, internal coefficient of friction, apparent modulus, and particle density have been determined for some agricultural materials (Prince et al. 1969; Richter 1954; Menzies 1976; Abbott and Nason 1986; Negi et al. 1987; Shinners et al. 1991; Usrey et al. 1992; Zhang et al. 1994; Wang et al. 1995; Annoussamy et al. 2000; Puchalski et al. 2003) .
Mechanical and physical properties of timothy hay such as friction coefficients, apparent modulus and particle density in relation to compression are lacking. Lateral forces that are developed during axial compression may be necessary to destroy the Hessian fly puparia on the surfaces of the hay in contact with the compression chamber. Determining the coefficient of friction will provide an indication of how much lateral force is being developed during compression. The friction coefficients may be required in predicting pressure distribution in the compression chamber during compression. Internal coefficient of friction and the apparent modulus of elasticity may provide information about the compressibility of timothy hay.
Physical and mechanical properties of timothy hay may depend on the initial moisture content, hay quality, number of harvest cuts, and type of hay. Pitt and Gebremedhin (1989) experimentally determined pressure-density relations for chopped alfalfa and grass at different moisture contents, chop length, and harvest cut number. They indicated that for alfalfa, the material stiffness (pressure to attain a given change in density) was higher for second-harvest material than for the first-harvest material. However, for grass material, the first-harvest was stiffer than second-harvest. The effects of moisture content and chop length on alfalfa material stiffness were variable.
Objective
The objective of this research is to determine the mechanical and physical properties of timothy hay in relation to mechanical compression. Specifically, to determine the apparent modulus of elasticity, static and dynamic frictions, internal friction coefficient, and particle density of two timothy hay qualities.
Materials and Methods

Materials
First-cut and second-cut timothy hays were obtained from Elcan Forage Inc., Broderick, SK. The hay had already been field-baled. The first-cut timothy hay was of high premium quality and second-cut was of low premium quality. The first-cut had an initial moisture content range of 10.62 to 12.69% and the second-cut had a moisture content range of 12.94 to 12.96%. To obtain higher moisture contents, the hay was spread and fluffed up in a container and the required amount of water was added. For lower moisture contents, the hay was dried in a laboratory-built heat pump-assisted batch dryer. The conditioned hays were stored in a cold storage for about 2 weeks before use so that moisture could equilibrate in the material. The moisture contents of all the samples were determined according to ASAE Standard S358.2 (ASAE 2003) . All moisture contents are given in wet basis. For the compression tests, the moisture content of the hay ranged from 7.44 to 16.42% for the high premium and 6.38 to 18.94% for the low premium, respectively. Moisture content range of 9.17 to 15.47% for the high premium hay and 7.40 to 15.36% for the low premium hay, respectively, were used for the friction tests. Also for the particle density tests, the moisture content ranged from 6.20 to 18.00% for the high premium hay and 6.00 to 18.10% for the low premium hay, respectively.
Timothy hay compression tests
A Baldwin hydraulic universal testing machine (Model 60 HVL, SATEC Systems Inc., Grove City, PA) was used to conduct the timothy hay compression tests (Figure 1 ). The machine was connected to a data acquisition card that allowed the proportional control of the loading and the loading rate. Linear displacement of the material was measured by Temposonics G-series linear-displacement sensor (MTS Systems Corporation, Cary, NC).
About 300 g of hay was used in each test. The hay was cut into about 127 mm (5 in) lengths and laid in a crisscross manner in the compression chamber. The hay was pre-packed manually to a desired height or density and the initial height was measured by using a digital caliper. The compression chamber was set on the lower platen and the hay was compressed to a set force and then stopped. The hay was allowed to relax for about 200 s. The compression chamber was unloaded and the hay was placed in a sealable plastic bag for later moisture content determination. Data acquired were the applied force, displacement and time. Three loads (180, 210 and 240 kN) were used in the hay compression tests. The applied pressures were calculated from the applied force and the area of the compression plate. The applied pressures were 11.6, 13.6 and 15.5 MPa. First-cut and second-cut timothy hays at three different moisture contents were utilized.
The resistance of the hay to compression was determined by estimating the chordal and secant moduli (Mohsenin 1986) . The chordal modulus is determined by finding the slope of the chord drawn between any two specified points on the stress-strain curve. The chordal modulus was determined by selecting pressures 5.0 and 11.0 MPa and their corresponding strains values on the stress-strain curve. The secant modulus is determined from the slope (ratio of stress to strain) of a line connecting the origin and any selected point on the stress-strain curve. The secant modulus for the compressed hay was determined by at 80% strain and the corresponding stress.
Timothy hay friction
The static, dynamic and coefficient of internal frictions of the timothy hay were determined using Wykeham Farrance shear box apparatus (Wykeham Farrance Inc., Slough, England) shown in Figure 2 . The apparatus consisted of a two split 100 mm square shear box with each split half having a depth of 25 mm. For the hay and mild steel static and dynamic frictions determination, about 50 g of hay was weighed and pre-compressed before placing the material in the shear box. The mild steel plate was placed at the bottom half of the box and the top half was filled with the hay sample The coefficient of internal friction was determined by using about 70 g precompressed hay. A brass plate was placed about 8 mm from the top surface of the bottom box and the hay sample was filled from the top box to the brass plate. Normal forces (loads) of 1113, 2264, 3377, and 4520 N were applied to the hay by weight acting through a load hanger that rested on the top plate. The bottom half of the box was pulled by a motor at a constant speed of 1.2 mm/min in the horizontal direction. A load cell was attached on the top half of the box to measure the shear force. Two displacement transducers (LVDT) were used to measure the horizontal and vertical displacements of the shear box. The shear force and the corresponding horizontal displacement and vertical displacement were recorded using a data logging system. Each test was run for 13 min and there were 2 replications. The hay samples were not cut into smaller lengths in all the friction tests.
As the test progressed, the shear force increased with time and space until a peak shear force was reached where it started to decrease. The peak shear force at this time was used to calculate the static friction and the shear forces after that were averaged to determine the dynamic friction (Singh et al. 2004 ). The static and dynamic frictions were calculated from the shear forces and the normal forces. For coefficient of internal friction, the peak shear force during a test was selected for the friction determination. An effective coefficient of internal friction was determined for the hay materials. The peak shear stress ( ) and normal stress (σ) were fitted to equation 1 given by Sitkei (1986) :
where: b, m and λ o are empirical constants.
Particle density measurement
Particle density of the two hay qualities at various moisture contents were determined using a gas multipycnometer (Quantachrome Corporation, Boynton Beach, FL) by measuring the pressure difference when a known quantity of nitrogen under pressure was allowed to flow from a previously known reference volume (V R ) into a sample cell (V c ) containing the ground material. The hay samples were ground using precision grinder (Model 111739, Falling Number, Huddinge, Sweden) with a screen size of 1.0 mm. The true volume of a hay sample (V P ) was calculated from equation 2. The particle density of the sample was determined from the mass and the true volume.
where: P 1 (Pa) is the pressure reading after pressurizing the reference volume and P 2 (Pa) is pressure reading after including V c (cm 3 ). Table 1 shows the maximum applied pressure used in the hay compression tests, moisture content, final compact bulk density, secant and chordal moduli for the first-cut high quality hay. The results showed that the bulk density increased with increasing applied pressure. As well, increasing the moisture content of the hay material increased the bulk density. The secant modulus for the high premium hay decreased with increasing applied pressure. As the moisture content increased the secant modulus decreased. The chordal modulus did not show a consistent trend with applied pressure or moisture content. The values for the chordal modulus were relatively higher compared to the secant modulus values.
Results and Discussions
Timothy hay compression tests
The maximum applied pressure, moisture content, final compact bulk density, secant and chordal moduli are presented in Table 2 for the second-cut low premium quality timothy hay. The low premium hay at moisture contents of 16.24 and 18.94% exhibited the same trends as the high premium hay with regard to effects of maximum applied pressure and moisture content on final compact density and secant modulus. However for moisture contents of 6.38 and 8.67%, as the maximum applied pressure increased the final compact density and the secant modulus also increased. The chordal modulus increased with increasing applied force. The chordal modulus values did exhibit a consistent increase with increasing moisture content.
At almost similar moisture contents of 16.42 and 16.24% for first-cut high premium and second-cut low premium hay qualities, respectively, the secant modulus values for high premium hay were relatively higher compared to the low premium hay. This indicates that the high premium hay is stiffer and offers more resistance to compression. Pitt and Gebremedhin (1989) observed the same trend when they compressed 50% timothy/50% bromegrass. They indicated that the first-cut material was stiffer and offered more resistance to compression than the second-cut material. The secant modulus was higher at low moisture contents for both hay qualities compared to higher moisture contents indicating that hays at low moisture contents are stiffer and less compressible. The results indicate that applied pressure, moisture content and hay quality have effect on the compressibility of timothy hay.
For the highest applied pressure of 15.5 MPa, the final compact density ranged from 978.7 to 1308.4 kg/m 3 for the high premium hay and 913.2 to 1466.0 kgm 3 for the low premium hay, respectively. Ferrero et al. (1991) compressed chopped rice, barley and wheat straws at a moisture content of 16.0%. The straw lengths were no more than 40 mm. For an applied pressure of 15.5 MPa, the rice, barley and wheat straws had compact densities of 966.6, 840.3 and 830.7 kg/m 3 , respectively. For similar applied pressure and moisture content, the high premium hay had compact density of 1308.4 kg/m 3 and low premium had a density of 1333.6 kg/m 3 , respectively. This shows that timothy hay is more compressible than rice, barley and wheat straws.
The final compact density, applied pressure and moisture content values for both hay qualities were pooled together and a multiple regression analysis was performed on the data set. A relationship between the compact density, applied pressure and moisture content is given as: Table 3 shows the average static coefficient of friction for high and low premium hay qualities at various moisture contents. The table shows that for both hay qualities, the static friction increased with increasing moisture content. However, the static friction decreased with increasing normal force. For almost similar moisture content of 15.36 and15.47% for low and high premium hay, respectively, the static friction values for the high premium hay were slightly higher than the low premium hay. The static friction values for the low premium hay ranged from 0.152 to 0.220 and the values for the high premium hay varied from 0.159 to 0.246, respectively. Richter (1954) determined static friction coefficient for chopped hay and straw on galvanized steel and reported the values to range from 0.170 to 0.420. He indicated that the static friction coefficient of the materials decreased steadily with normal pressure. However, the moisture contents of the chopped materials were not provided. Average dynamic coefficient of friction is presented in Table 4 for both high and low premium hay qualities. The dynamic friction coefficient for both hay qualities followed the same trend as the static coefficient of friction. The dynamic friction coefficient for low premium hay ranged from 0.133 to 0.187 and the values for the high premium hay varied from 0.146 to 0.243, respectively. For the high premium hay at a moisture content of 15.47% and normal forces of 3377 and 4520 N, the dynamic friction coefficient values were slightly higher than the static friction coefficient. Schaper and Yaeger (1992) , Singh et al. (2004) and Puchalski et al. (2003) reported similar situations where the dynamic coefficient of friction was higher than the static coefficient of friction for Irish potatoes, orange and sweet lemon, and apple, respectively.
MC
Timothy hay friction
Both hay qualities exhibited stick-slip behavior during the friction tests as shown in Figures 3 and 4 . For the low premium hay, the shear force rose rapidly to the peak static force and then the shear force decreased with time below the peak static force. However for the high premium hay, the shear force increased rapidly to the peak static force and from there the shear force either decreased below or rose above the peak static force. This behavior became more prominent as the moisture content of the hay was increased. Table 5 shows the coefficient of internal friction for both hay qualities. For both hay qualities, the coefficient of internal friction decreased with increasing normal force. The internal friction decreased with increasing moisture content for the low premium quality hay. However for the high premium quality hay, the internal friction increased with increasing moisture content. The internal coefficient of friction values for the low premium quality hay varied from 0.439 to 0.731 and the values for the high premium ranged from 0.419 to 0.761, respectively. ASAE (2003) reported the internal coefficient of friction for corn silage and grass silage as 0.809 and 0.746, respectively. Negi et al. (1987) also reported a value of 0.588 for corn silage at a moisture content of 66.0%. The constant parameters of equation 1 for both hay qualities are given in Table 6 .
Hay particle density
Figures 5 and 6 show the relationship between particle density and moisture content for low and high premium hay qualities. For both hay qualities, the particle density decreased with increasing moisture content. Average particle density for the low premium hay ranged from 1409.2 to 1489.1kg/m 3 and the values of the high premium hay varied from 1410.8 to 1522.2 kg/m 3 , respectively. Wang et al.(1995) reported that the particle density of soybean meal decreased with increasing moisture. They indicated that particle size did not have any significant effect on the particle density. However moisture content of the soybean meal had significant effect on the particle density.
Conclusions
The properties of two timothy hay qualities were determined in relation to compression and the following conclusions were drawn:
1. The secant modulus for both hay qualities decreased with increasing applied pressure and moisture content. For the almost similar moisture contents, the high premium hay was stiffer and offered more resistance to compression than the low premium hay. 2. The static coefficient of friction values for the low premium hay ranged from 0.152 to 0.220 and the values for the high premium hay varied from 0.159 to 0.246, respectively. 3. The dynamic coefficient of friction for low premium hay ranged from 0.133 to 0.187 and the values for the high premium hay varied from 0.146 to 0.243, respectively. 4. The internal coefficient of friction values for the low premium quality hay varied from 0.439 to 0.731 and the values for the high premium ranged from 0.419 to 0.761, respectively. 5. For both hay qualities, the particle density decreased with increasing moisture content.
Average particle density for the low premium hay ranged from 1409.2 to 1489.1 kg/m Figure 1 . Baldwin hydraulic universal testing machine that was used for hay compression tests. Figure 2 . The shear box apparatus that was used to determine the static, dynamic and coefficient of internal frictions.
